Abstract: We study methods of extracting new physics signals in final states with a topquark pair plus large missing energy at the LHC. We consider two typical examples of such new physics: pair production of a fermionic top partner (a T ′ in Little Higgs models for example) and of a scalar top partner (at in SUSY). With a commonly-adopted discrete symmetry under which non Standard Model particles are odd, the top partner is assumed to decay predominantly to a top quark plus a massive neutral stable particle A 0 . We focus on the case in which one of the top quarks decays leptonically and the other decays hadronically, pp → ttA 0 A 0 X → bj 1 j 2b ℓ −ν A 0 A 0 X + c.c., where the A 0 s escape detection. We identify a key parameter for the signal observation: the mass splitting between the top partner and the missing particle. We reconstruct a transverse mass for the lepton-missing transverse energy system to separate the real W background from the signal and propose a definition for the reconstructed top quark mass that allows it to take unphysical values as an indication of new physics. We perform a scan over the two masses to map out the discovery reach at the LHC in this channel. We also comment on the possibility of distinguishing between scalar and fermionic top partners using collider signatures.
Introduction
Although the Standard Model (SM) of elementary particle physics provides a very successful description of existing experiments at the highest energies currently accessible at colliders, it is anticipated that new physics will show up at the unexplored TeV-scale territory. High energy physics will thus experience the excitement of major discoveries in the next few years when the CERN Large Hadron Collider (LHC) opens up the new energy frontier. In addition to the long-awaited higgs boson, the particle responsible for the generation of mass, from naturalness arguments we hope to see a glimpse of some new physics at the LHC. Examples of popular scenarios of new physics include the Minimal Supersymmetric Standard Model (MSSM) [1] and its variants [2, 3] ; models of new strong dynamics [4, 5, 6, 7, 8] or a composite Higgs at the TeV scale [9] ; Little Higgs theories [10] and electroweak-scale extra dimensions [11, 12, 13] . Almost all these models contain a heavy particle which shares the gauge quantum numbers of the SM top quark, a 'top partner', which leads to a relatively generic class of collider signals from their production and subsequent decay. One of the main motivations for introducing such a particle is to cancel the quadratically divergent contribution to the Higgs mass from the SM top, which has a large yukawa coupling to the Higgs. This can come about using a scalar top partner, like the stopt in SUSY, or a fermionic one, like the T ′ heavy top in Little Higgs models. We would expect these particles to show up naturally at an energy scale of order 4πv, where v ≈ 246 GeV is the Higgs field vacuum expectation value. 1 .
A necessary requirement for a viable new physics model is the suppression of the dimensionfive and -six operators that are strongly constrained by the low energy data, such as electroweak precision measurements, CP violation or flavor changing neutral currents. In addition, dangerous baryon/lepton number violating operators must be forbidden or strongly suppressed. Motivated partly by these constraints and partly by being able to provide a possible candidate for Cold Dark Matter, many new physics scenarios incorporate a discrete symmetry under which the new physics particles carry the opposite charge to SM particles. Typical examples are R-parity in supersymmetry, KK-parity in UED, or T -parity in Little Higgs models [15, 16] . In such cases, assuming for minimality only a top partner (generically denoted by T , unless otherwise specified) and a stable neutral particle which is the lightest parity-odd state (A 0 ), the predominant decay mode of the top partner is T → tA 0 .
( 1.1) leading to the following hadron collider signal: 2) where X represents the beam remnant and other possible hadronic activity, and E / T is the missing transverse energy. It would be desirable to be able to distinguish between the different top partners that can give rise to this signal at the LHC. The LHC will be a "top factory": About 80 million SM tt events will be produced from pure QCD, in addition to another 34 million single-top events from the weak charged-current interaction for an integrated luminosity of 100 fb −1 . This provides a great opportunity to study properties of top quarks in detail. However, SM top quarks will also serve as a nontrivial background for any new physics signal with top quarks in the final state. Identifying such signals above the huge background has been the focus of several recent studies [17, 18, 19, 20] . In this article, motivated by the naturalness argument, we explore the signal of Eq. (1.2), concentrating on the semi-leptonic mode for the tt decays since the purely hadronic top decay mode has been studied previously [18, 20] , with modest success. We optimize the kinematical cuts to separate the top partner signal from the SM backgrounds. In particular, we propose a reconstruction method for the top quark mass that allows it to take unphysical values to indicate the presence of physics beyond the SM. Furthermore, we comment on possible methods of determining the spin of the top partner. Such measurements would be crucial in distinguishing different underlying new physics scenarios, such as SUSY stop, or fermionic top partner pair production in UED or Little Higgs models with T -parity. We survey possible ways of getting relevant spin information for the new particle, and outline the difficulties involved. Production cross-section (pb) QCD top production Fermionic T production Scalar T production ttZ Figure 1 : Leading order QCD cross section for top partner pair production at the LHC, as a function of its mass. The solid line corresponds to a spin-1 2 particle, the dashed line to a spin-0 state. The two dashed horizontal lines indicate the cross sections for the SM background processes tt and ttZ with tree-level matrix elements. The left panel shows the results before T decay, and the right panel includes the decay branching fractions to the semi-leptonic final state bj 1 j 2b ℓ −ν + E / T , before any kinematical acceptance.
The rest of the paper is organized as follows. In Sec. II, we study the signal observability by carefully examining the kinematics and optimizing the background suppression. In Sec. III, we discuss the feasibility of spin and mass determination. We summarize and conclude in Sec. IV.
Signal Observability
In this section, we present a viable method for discovering new physics in the tt + E / T final state as in Eq. (1.2). We assume for the purpose of the following discussion that the top partner T is a color triplet under SU (3) C and a doublet under SU (2) L .
Production Rates at the LHC
The leading production mechanism for the top partners is via QCD interactions qq, gg → TT .
(2.1)
In Fig. 1(a) , we present the total leading order TT production cross section at the LHC as a function of the mass of the T . The solid line corresponds to a spin-1 2 particle; the dashed line corresponds to a spin-0 state. α s is calculated at two loops, with the renormalization and factorization scales set equal to √ s/2, and using the CTEQ 4M parton distribution functions [21] . We see from the figure a factor of 8 − 10 difference between the scalar and the fermion production cross sections. A factor of 4 comes from simple spin-state counting, and the remainder is due to threshold effects.
We will illustrate our procedure for background suppression using the example of a fermionic top partner only. Since we expect that the phase space will be the dominant factor in determining the kinematics, scalar top partner production and decay should have qualitatively the same behavior.
We assume that the fermionic top partner decays into a spin-1 neutral stable particle A 0 via a coupling:
Generically, we expect this coupling to be chiral (g L = g R ). In this study we choose g R = 0 although we do not expect that alternative choices will significantly change our optimization method. We focus on the semileptonic channel, with one top decaying hadronically and the other decaying leptonically
where the charged leptons are ℓ = e, µ. The signal thus consists of an isolated charged lepton, two b-quark jets and two light-quark jets plus large missing energy. There are several advantages to studying this channel. First of all, the branching fraction of the semileptonic mode is sizable, about 6 times larger than the cleaner purely leptonic mode. Secondly, although the hadronic mode has a branching fraction that is 1.5 times larger still, the SM backgrounds for this mode are more severe than those for the semi-leptonic mode [18, 20] . Thirdly, one is able to distinguish the t from thet using the charge of the lepton in the final state. The cross sections for this channel including decay branching fractions as a function of m T are shown in Fig. 1(b) . Based on event topology we expect several SM processes to constitute the backgrounds to our signal. The leading SM background is QCD production of top quark pairs:
The cross section for this process, depicted by the upper horizontal dashed lines in Fig. 1 , is several orders of magnitude larger than our signal. The next background with a large missing energy is
with Z → νν. As seen in Fig. 1 denoted by the lower horizontal dashed lines, even though the cross section for this process is smaller than the QCD tt by about a factor of 600, its kinematics are more similar to that of our signal, making such background events difficult to separate from the signal. We will elaborate on this below. Another large SM background is from a process with no top quark In our study, we simulate the SM tt and ttZ backgrounds using PYTHIA [22] , while we use ALPGEN [23] for the W (→ ℓν) bb jj background. We perform all calculations at parton level. With the stringent acceptance cuts to be discussed below, we expect that all next-to-leading order QCD effects, such as hadronization and initial and final state radiation, will not alter our results appreciably.
Extracting Top Partner Signal
In this section we present our main results on separating signal events from backgrounds. Although the SM backgrounds to the heavy top partner pair production and semileptonic decay are substantial, there are many kinematical differences between them that can be exploited. Moreover, we can take full advantage of the observation that the neutrino from W decay is largely responsible for the E / T in the tt and W bbjj backgrounds, while it contributes only a fraction of E / T in the signal.
A crucial parameter for the signal kinematics is the mass difference between T and A,
The energy of the top quark from T decay is E t ≈ 0.5(1 + m A /m T )∆M T A in the rest frame of the T . For a sufficiently large mass difference, the top quark can be very energetic. For a small ∆M T A , however, the top quark has little kinetic energy and the signal kinematics are very similar to those of the tt background. We will present results for two benchmark scenarios for illustration m T = 1 TeV, and m A = 200, 800 GeV. (2.8) In Fig. 2 , we show the transverse momentum distributions for the heavy T (dashed line), for the top quark from T decay for our two benchmark values, and from QCD tt (solid line), and ttZ (dot-dashed line). ¿From this graph one can see that the p T spectrum of the heavy T has the expected broad plateau near (0.3 − 0.6)m T . The p T spectrum of the top quark from T decay for small m A is similar to that of the T quark itself, while for the small mass difference case (m A = 800 GeV), it is more similar to the tt background.
To simulate the detector acceptance [24, 25] , we first impose the basic cuts
We adopt relatively small isolation cuts in order to accommodate the kinematics of a fastmoving top quark from a heavy T decay. We simulate the calorimetry responses for the energy measurements by adopting Gaussian smearing [24] with the following parameters:
We do not separately smear the muon momentum. In the energy-momentum range of current interest, the lepton resolutions should not make any appreciable difference in the results since the dominant effect is from hadronic smearing. We require two tagged b-jets in the selection. In our presentation of the discovery reach, we use a b-tagging efficiency of [24, 25] ǫ b = 60%, (2.13) which is appropriate for the range of p b T that we are interested in at low luminosity. In Fig. 3 we present some characteristic kinematical distributions for the signal and backgrounds with basic cuts imposed. The transverse mass variable M eff T is defined in Appendix A. The heavy T signal generically leads to energetic decay products unless the mass difference ∆M T A becomes very small. ¿From Fig. 3(b) , we see that a large missing energy cut of E T > 350 GeV could be imposed to effectively remove the ttZ backgrounds, but such a requirement will eliminate the signal in the case of small mass splitting ∆M T A ∼ 200 − 300, where A 0 only carries away a small amount of kinetic energy ∼ 0.5(1 − m A /m T )(∆M T A − m t ). As seen in Fig. 3(c) , the effective transverse mass does not provide more discriminating power than E / T . There are in principle other transverse variables one could use to distinguish signal from background, such as the cluster transverse mass [26] (defined in Appendix A), or M T 2 [27] . However, these variables are largely similar, and unlikely to do significantly better than the E / T and M eff T variables presented here. As recently suggested in [20] , one may consider exploring the correlation between E / T and M eff T , which we present in Fig. 4 for (a) the QCD tt background, (b) and (c) TT pair production with ∆M T A = 200, 800 GeV respectively. Two remarks are in order. First, the correlation is more distinctive between the signal and background when the mass difference ∆M T A is large as seen in Fig. 4(b) , namely M eff T ∼ 2E / T ∼ 2m T . It tends to be very similar to the tt background distribution when ∆M T A ∼ m t as in Fig. 4(c) . This less desirable situation was not considered in [20] due to their parameter choice in favor of a dark matter candidate, in the context of a particular model [15] . Second, due to the overwhelmingly large rate of the tt background, this correlation variable alone is not sufficient to separate the signal in the semi-leptonic channel, as seen for the integrated rates by the color codes in Fig. 4 .
There are other kinematical features that one could utilize to separate the signal from the backgrounds. One such variable is the transverse angle between the t andt: We expect t pairs from pure QCD production to be co-planar in the 2 → 2 scattering plane and thus back-to-back in the transverse plane, while those originating from TT decays will be more randomly oriented due to the transverse kicks of the missing A 0 particles. Although it is difficult to observe this co-planarity by studying the decay products of the top quarks due to the presence of the neutrino, one could still exploit the back-to-back nature of the tt background by evaluating the opening angle in the transverse plane between the hadronic top and the reconstructed momentum p bl = p b + p l , called φ t−bl . For the W bbjj background, we followed the same reconstruction procedure as the signal and other backgrounds (more details below) with φ t−bl in this case defined by the angle between hadronic "top" and the unused p bl . We plot this distribution, rescaled by the total cross section, in Fig. 5 . Indeed we see a strong correlation for tt, W bbjj and ttZ, while the distribution for the signal is rather flat, especially when ∆M T A is sizable. The discriminatory power of this variable decreases as the mass splitting becomes smaller. In addition this correlation will become less pronounced on inclusion of realistic QCD radiation and parton showering. We will therefore not devise a specific cut on this variable, although this could be implemented in a full optimization procedure.
Another obvious variable we might cut on is the di-jet mass, which will reconstruct a W for the signal, but not so for the background W bbjj → ℓν bbjj. This has been used in the top quark signal analysis at the Tevatron and we will take full advantage of this fact in our analysis.
Next, we turn to a discussion of reconstructing intermediate particle masses using kinematical variables. The first variable one might reconstruct is the transverse mass of the leptonically-decaying W by assuming p νT = E νT = p / T . As usual we define the transverse mass for the leptonic system as
When the missing energy comes only from the single neutrino from W decay, we expect to see a Jacobian peak M T (W ) ∼ M W , but this will not be so for the signal events where the missing energy is carried away by two massive particles in addition to the neutrino. This reconstructed variable is plotted in Fig. 6 for the signal and backgrounds. We see that a transverse mass cut, for example M T (W ) > 220 GeV, on the leptonic products can effectively suppress the QCD tt and W bbjj backgrounds due to the presence of W production and its subsequent leptonic decay.
Note that we have not thus far taken advantage of the fact that the kinematics of SM tt in the semi-leptonic channel is fully reconstructible [28] , following a well-known procedure in which the on-shell condition for the W boson is used to determine the four-momentum of the massless neutrino, upto a two-fold ambiguity. Imposing the on-shell condition for the leptonically-decaying top eliminates this ambiguity, while the mis-pairing for b andb can be simultaneously reduced by minimizing the sum of the differences between the masses of the reconstructed tops and the actual top mass
Our detailed reconstruction procedure is summarized in Appendix B.
The situation is expected to be very different for the new physics signal in which the tt system recoils against the missing massive particles. Applying the same reconstruction technique to the signal events, one would therefore not expect to reconstruct the top quark successfully since the E / T contains a large contribution from the momenta of the A 0 s, which cannot be measured independently. This typically results in either not being able to find physical solutions for the longitudinal component of the missing energy, or in a reconstructed mass that is very different from m t . Therefore, this naive reconstruction procedure provides us with an effective way to distinguish the signal from the tt background. We encode the effect of unphysical momentum solutions by allowing the reconstructed top quark mass m r t to carry an imaginary part (see Appendix B for details). In this case, a large unphysical, i.e. imaginary, value for the reconstructed mass is a signature of events with missing particles beyond a single massless neutrino.
The results for the reconstructed m r t = m(b 2 ℓE / T ) are shown in the complex plane in Fig. 7 . As seen in Fig. 7(a) , the reconstructed mass for the tt background is highly concentrated near m t on the real axis although there are still a small number of events that give an unphysical top quark mass due to the energy-momentum smearing effects of the detectors. For the signal events, it is spread out over a large region as seen in Fig. 7(b) to impose a cut on |m t − m r t |. The choice
for example, essentially eliminates the tt background. The range of unphysical values is reduced for the signal when the mass difference ∆M T A becomes smaller, confirming the fact that when the missing A 0 s carry little kinetic energy, there is effectively no difference between the kinematics of the signal and tt background. In this kinematical regime the A 0 moves slowly and its momentum does not contribute significantly to E / T . Therefore we should be able to approximately reconstruct m t by assuming p νT = p / T . To summarize the discussion in this section, we present in Table 1 the signal and background efficiencies after applying individual cuts, for all events that have passed the basic cuts. The table also includes the signal-to-background ratios S/B and statistical significance for signal observability S/ √ B for the individual cuts for an integrated luminosity of 100 fb −1 . From this we can see, for example, that for m T = 1 TeV, which has a production rate of about 0.045 pb at the LHC, a combination of an E T cut and reconstructions of m jj , M T (W ) and the top mass can significantly reduce the background.
Discovery Reach
In this section we present the observational reach for our signal TT → ttA 0 A 0 → ℓbbjj + E / T . We will choose our cuts based on the kinematical and reconstruction variables studied in the previous section. The particular choices we make here are designed to illustrate the potential of enhancing the signal-to-background ratio. A complete optimization of kinematical cuts can be based on our variable studies, but is not performed in this work.
Although the reconstruction of m r t is very effective in suppressing the tt background and distinguishing the signal, it does not provide a discrimination against the W bbjj background which does not have a real top quark to begin with. We thus impose additional cuts to reduce this large background 70 GeV < m jj < 90 GeV, (2.17) 120 GeV < m r t | had = m(b 1 jj) < 180 GeV, (2.18) where two b-tags are required for reconstruction. The choice of an E / T cut is more involved. As discussed previously , on the one hand imposing an appropriate E / T cut will definitely help suppressing the background (ttZ in particular). On the other hand a large E / T cut will eliminate the signal for a small mass splitting. Hence we optimize the search by making a variable E / T cut
We also impose the reconstructed leptonic top mass cut detailed in Eq. (2.16).
In Fig. 8 , we present the signal-to-background ratio and statistical significance as a function of m A for a fermionic top partner of mass m T = 1 TeV and with 100 fb −1 integrated luminosity. We see that after imposing our proposed combination of cuts we have significant signal observability for a mass of upto m A ≈ 750 GeV, which corresponds to ∆M T A ∼ 250 GeV. For an even smaller mass difference ∆M T A ∼ m t , it is still challenging to select out the signal.
We now study the more comprehensive reach in the two-parameter m T -m A plane with combined cuts. Our results are presented in Fig. 9 in the form of contour plots of signal observability for an integrated luminosity of 100 fb −1 , with 10σ, 5σ, and 1σ contours shown. In the left-hand panel we implement the cuts described in this section, while in the righthand panel we include an additional cut on the W transverse mass M T (W ) > 220 GeV. This additional cut does not enhance the signal significance (S/ √ B) appreciably due to correlations with other cuts, in particular m r t . It does however improve the signal to background ratio (S/B), and hence helps control systematic effects. We also note that the reach here is similar to that obtained in the fully hadronic mode [18] . It is straightforward to extend our results to the case of the scalar top partner decaying to tA 0 (e.g.t R → tχ 0 in SUSY). As in the case of the fermionic top partner, the crucial parameter controlling much of the kinematics is the mass splitting ∆M T A =mt − m χ 0 . Given the same mass splitting, we expect the kinematics will be quite similar to the case of fermionic T . 2 Therefore, we should expect any difference in reach to be mostly due to the lower production cross section for the scalar top partner. The reach, with and without a transverse mass cut, is shown in Fig. 10 .
Remarks on Distinguishing a Scalar Top Partner from a Fermion
As argued above, the hadron collider signatures of a fermionic top partner are expected to be very similar to those of scalar, making it challenging to directly measure the spin of the top partner at the LHC. We discuss several approaches to tackling this problem in this section. The most straightforward way to tell the fermionic partner from the scalar would be by using the difference in their production rates, as seen in Fig. 1 . However, one cannot interpret this without making some assumption about the underlying model, since several degenerate scalars could be produced with the same total rate as a Dirac fermion of the same mass, for example. Even given some set of reasonable assumptions, as pointed out in Ref. [16, 18] , we are left with the problem that masses cannot be measured directly (at least in the situation where there is more than one type of particle contributing to the missing energy) since most known observables only measure the mass difference. Consequently, a cross section measurement alone will not determine the particle's mass or spin. Recently, several new methods have been proposed to tackle the problem of measuring absolute mass scale [29, 30] . However the reconstruction method in Ref. [29] relies on longer decay chains with more kinematical handles, and therefore is not directly applicable in our case. Application of the method in Ref. [30] , which relies on accurately measuring the end point of the m T 2 variable, to the case of minimal top partner decay has yet to be studied in this context. Therefore, we have to rely on subtle kinematical differences. As a first example, based on the fact that a scalar would be lighter than a fermion with a given production cross section, we could try to look for some indication that the scalar is more boosted, using a parameter like the beamline asymmetry proposed in Ref. [18] 1) where
is the number of events with p z t 1 p z t 2 > (<) 0, for the momenta of the top quarks Generator-level momenta are used for illustration, since events cannot be fully reconstructed.
p t 1 and p t 2 . The beam-line asymmetry for at R in SUSY and a T ′ in a Little Higgs model with the same production cross section is presented in Fig. 11 . Note that we have not reconstructed the tops but simply used the known top momentum to illustrate the difference between the two cases. We remark that such a variable is also subject to several potential sources of error. First of all, the average boost will be sensitive to the parton distribution functions, which typically give rise to an error of 5 − 10%. More importantly, we must take into account the effect of the SM backgrounds [18] . Since the asymmetry for scalars and fermions are distinguishable at the 10% level, we typically need an accuracy of S/ √ S + B ∼ 10 in order to have a statistically significant effect. From the results of Ref. [18] , as well as this study, we see that such a high significance could be challenging for m T ∼ 1 TeV. Moreover, notice that the asymmetry decreases as the mass splitting increases, since for small mass splitting the top quarks produced are closer to the direction of T due to phase-space limitations. This will further limit the utility of such variables since, as we emphasized in this study, we will certainly have more statistics for the signal with larger mass splittings. We also note that constructing an analog of this observable in the semi-leptonic channel, where some information about the top momentum will be inevitably lost, is less straightforward. One may need to rely on the partially reconstructed top momentum p b + p ℓ in the leptonic decay. As a result, we expect the mass information contained in the beamline asymmetry variable to be less prominent.
Using information about the production angular distributions to distinguish between fermionic and bosonic top partners will be challenging as well due to the presence of the additional missing neutrino, which makes the top quark reconstruction more difficult. Obtaining clues from the directions of the visible decay products is possible, but since these are also significantly affected by other factors such as the boost of the top partner, the phase space, and the chirality of its coupling to the top quark, we expect any information about the original production matrix element to be washed out. Even if we are able to obtain such information, relating it to the spin of the top partner is not at all straightforward. Unlike processes such as Z → ℓ + ℓ − , pair production of top partners is not dominated by a single s-channel process. Therefore, several partial waves may contribute, making a distinction between fermion and boson potentially challenging.
We now comment on spin-determination strategies using invariant mass distributions of objects in long decay chains [31] . Consider a decay chain X → a+Y ( * ) (→ b+Z), where a, b are observable SM particles and X, Y and Z are new particles beyond the SM, with Y either on or off-shell. In this case, the invariant mass distribution m ab carries information about the spin of the intermediate particle Y . In particular, it is a polynomial of order 2J Y . Such a strategy will not be applicable in the simple decay T → t + A 0 of our current interest, since T is in the initial state. If instead of this minimal setup, there is an extended top-partner sector, with the possibility of it decaying through a longer decay chain, we could in principle extract more information. For example, if the top partner decays via T → b + W H (→ W + A 0 ), the spin of W -partner W H could in principle be measured by studing the correlation between b and W . Then, assuming Lorentz invariant and renormalizable interactions, we could infer the spin of the top partner. Considering this to be a plausible scenario, it seems worthwhile carrying out a more detailed study and quantifying the observational feasibility for this channel.
Summary and Conclusions
We have studied methods of extracting the new physics signal in the tt+ E T final state, with the tops decaying semi-leptonically. We have developed kinematical variables that optimally separate the signal from the SM backgrounds. The leading background is tt production from QCD. The other two large backgrounds are W bbjj and ttZ. We found the following kinematical variables useful:
• A cut on missing transverse energy can effectively remove the ttZ;
• Looking inside the mass windows m jj ≈ M W and m bjj ≈ m t for the hadronicallydecaying top will suppress W bbjj;
• The back-to-back nature of tt (or realistically φ t−bℓ ) can be used to select against backgrounds;
• The reconstruction of the transverse mass M T (W ) can effectively single out background events with a neutrino as the only missing particle;
• Extending the definition of the reconstructed top mass m r t in the leptonic mode to include unphysical values can effectively separate out the large tt background.
In all the cases, if the mass difference is small ∆M T A ∼ 200 − 300 GeV, then the signal kinematics, which are very much like those for tt production, are very difficult to observe above the backgrounds. The signal observability is summarized in Figs. 9 and 10 .
We have also commmented on possible ways to distinguish between two typical examples of such new physics: at R in SUSY from a T ′ in models with a fermionic top partner. Such methods include using the difference in the production rate, measuring angular correlations, and possibly exploring differences in the T ′ andt R couplings. We concluded that none of these methods provide an easy determination of the spin of the top partner in this particular channel, with only the minimal decay pattern assumed in this study we are likely to have to explore more subtle kinematical distributions, either to obtain a handle on the absolute mass scale or precisely measure the production and decay matrix elements, or both at the same time. We also note that if the new physics including the top partner is beyond the minimal framework that we have focused on, this generically makes both the detection and measurement of the properties of the top partner easier. It would be interesting to explore some of these possibilities in some detail.
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A. Definitions of Transverse Variables
In general, a transverse mass variable can be formally defined by projecting the momenta to the plane perpendicular to the beam direction where p oT are the transverse momenta of the visible particles in the event. Two remarks are in order here. First, the mass information for a missing particle is lost in the above definition. Second, if we consider the complete system of an event as in Eq. (A.1), then the second term vanishes as a consequence of Eq. (A.3) . This leads to a simple relation .4) In its simplest form, one can just sum over the transverse momentum of each individual observable (massless) particles to obtain the so-called "effective transverse mass",
Alternatively, one may consider the "cluster transverse mass" 
B. Top Reconstruction in Semileptonic Mode
First consider the QCD tt production, with one top quark decaying hadronically and the other leptonically. Identifying the observed missing transverse momentum to be from a missing neutrino, the conservation of transverse momentum gives
We also use mass-shell conditions for the neutrino and the leptonically-decaying W .
We can then solve for p ν L to obtain, subject to the two-fold ambiguity,
where ∆ is defined as
The correct solution for p ν can be picked by enforcing that the leptons plus b reconstruct the top quark. Grouping the wrong b-quark with the leptons can be avoided by enforcing that the hadronic jets also reconstruct the top quark. In other words our solution should minimize the following quantity, where m i stands for the invariant mass of the reconstructed top quark on the ith fermionic leg:
If we apply the same reconstruction procedure to the top quarks in T T production, since we are overlooking the fact that some of the missing energy in the event comes from the A 0 s, rather than the neutrino, there is no reason why our solution should correspond to anything physical. In fact, in general ∆ might even be a negative quantity, and we need a prescription to deal with this case.
We thus propose to generalize p ν and m 2 l to be complex quantities. When ∆ < 0, we define 8) where R, I's are given in terms of the known quantities p l , p / T , M W as before. For definitiveness, we keep the + sign for the solutions. We then reconstruct the complex top-quark mass
The size of the imaginary part is a good measure of how "far away" from SM tt production the event is.
